Background: RAD21 is a component of the cohesion complex and is integral to chromosome segregation and error-free DNA repair. RAD21 is functionally important in tumour progression but its role in colorectal carcinoma (CRC) is unclear. We therefore assessed its clinicopathological and prognostic significance in CRC, as well as its effect on chemosensitivity.
RAD21 is a key central component within the multi-protein cohesin complex (Xu et al, 2011a) , the main function of which is to ensure balanced chromosome separation during the metaphaseanaphase transition of mitosis (Michaelis et al, 1997; Guacci, 2007) . The complex is highly conserved through evolution between species such as yeast to humans (McKay et al, 1996; Sumara et al, 2000; Nasmyth, 2001) . During the G1 phases of the cell cycle, the cohesin complex is thought to form a ring and entrap DNA helices and, with the aid of several accessory and regulatory proteins, facilitates binding of newly formed sister chromosomes and appropriate chromosome segregation during anaphase (Haering et al, 2008) . The cohesin complex is also implicated in several other important processes including homologous recombinational repair or DNA damage (Birkenbihl and Subramani, 1992; Nasmyth et al, 2001; Sonoda et al, 2001; Watrin and Peters, 2006) , in particular double-stranded breaks (Birkenbihl and Subramani, 1992; Bauerschmidt et al, 2010; Xu et al, 2010) , cell cycle checkpoint control (Watrin and Peters, 2009 ), chromatin remodelling (Hakimi et al, 2002) , gene regulation (Supernat et al, 2012) and prevention of read-through transcription. Presence of this versatile complex in subcellular locations outside the nucleus and within extracellular matrix has also been observed; however, the exact purpose of cohesin in these instances is unknown.
Several recent studies suggest that the cohesin complex is important in cancer development. Somatic mutations in genes encoding the core cohesin components SMC1A, SMC3 and STAG3, as well as cohesin loading protein NIBPL, were first reported in human colorectal cancers (CRC), leading to the suggestion that cohesion defects underpin chromosome instability in CRC (Barber et al, 2008) . Unlike other cohesin subunits, mutation of RAD21 appears to be relatively rare (Barber et al, 2008; Xu et al, 2011a) , and de-regulation of RAD21 expression primarily through increased gene copy number in CRC may be responsible (Xu et al, 2011a, b) .
However, to date, there are no studies evaluating RAD21 expression in CRC and its effect on patient survival and chemosensitivity. We, therefore, characterised RAD21 expression in CRC, correlated RAD21 expression with conventional clinicopathological features, molecular and prognostic data, and have assessed the role of RAD21 expression in treatment response.
MATERIALS AND METHODS
Patients were recruited from St Vincent's Hospital, Sydney (n ¼ 444) and the John Radcliffe Hospital, Oxford, UK (n ¼ 208) from between March 1993 to April 2007 (ethics approved by St Vincent's Campus Human Research Committee (approval numbers H02/022 and H07/002) and John Radcliff (approval number CO2.216)). These represent consecutive cases of CRC obtained from individuals undergoing resection with curative intent. Both cohorts include only cases with robust clinical, pathological and treatment data, as well as outcomes, whereas molecular data were available only on the Sydney cohort. The flow of patients is as per REMARK criteria as outlined in Supplementary Table 1. All cases were adenocarcinomas with a patient median age of 70.4 years (range 17.1-94.6 years). Patients were followed for up to 5 years with a median follow-up of 58.6 months (range 0.07-60.0 months). Two hundred and fifteen (33.0%) CRC-related deaths were seen during this period. Cases of synchronous tumours were excluded from the study.
Immunohistochemistry. Tissue microarrays were constructed using duplicate 1 mm cores from formalin-fixed paraffinembedded tumour tissues. Sections of 4 mM thickness were dewaxed and rehydrated on silane-coated slides. Immunohistochemistry was performed using a rabbit polyclonal anti-RAD21 antibody (Abcam, Cambridge, UK), which was previously tested and validated (Xu et al, 2011b) . Sections were counterstained with haematoxylin. Nuclear RAD21 expression was assessed for intensity (0, no staining; 1, weak; 2, moderate; and 3, strong) and percentage of positive cells (0, 0%; 1, 0-25%; 2, 425-50%; 3, 450-75%; and 4, 475%). The scores for intensity and percentage were multiplied and a cutoff of 6 was used to approximate the median, as this gave about equal-sized RAD21-negative (0-6 histoscore) and RAD21-positive (7-12 histoscore) expressing groups. Immunohistochemical analysis of p53 expression was performed as described previously using the mouse anti-human p53 antibody D07 (Dako, Dakopatts, Denmark) (Ward et al, 2001) . Tumours were considered to show accumulation of p53 protein when 420% of tumour cells showed nuclear staining of moderate to high intensity in the absence of staining in the stromal cells and normal epithelium (Ward et al, 2001) .
DNA isolation, analysis of microsatellite instability, KRAS and BRAF mutation status, and DNA methylation. DNA was extracted from fresh and frozen tumour tissues received at St Vincent's Hospital, Sydney. Extraction and analysis of microsatellite instability, KRAS and BRAF mutation status, and tumour methylation status have been described previously for this cohort (Ward et al, 2001 (Ward et al, , 2004 Packham et al, 2009) and are included in greater detail in Supplementary Material File 1.
Cell culture and the generation of cell clones with stable RAD21 knockdown. Human CRC cell line LIM1215 (TP53, APC, BRAF and KRAS wild type) was obtained from Ludwig Institute (Whitehead et al, 1985; Zhang et al, 2009 ) and HCT116 (KRAS mutant) was obtained from ATCC. Cells were maintained in RPMI1640 containing 10% fetal calf serum, insulin 0.6 mg ml À 1 , hydrocortisone 1 mg ml À 1 and 10 mM 1-thioglycerole. To generate cell clones with stable RAD21 knockdown, a single-cell clone LIM1215sc5 was established from the LIM1215 cell line and transfected with three small hairpin RNA constructs, sh57233, sh57224 and sh57226, which target different regions of the human RAD21 gene (Open Biosystems, Huntsville, AL, USA). A control shmir vector was introduced into cells in parallel. Cells were cultured in the presence of 2 mg ml À 1 puromycin for 7-10 days, and under this condition only cells carrying the constructs survive. We previously successfully used these small hairpin RNA constructs to generate breast cancer cell clones with effectively silencing of RAD21 gene (Xu et al, 2011b) .
Forced RAD21 expression was also attempted in the HCT116 cell line (harbouring KRAS mutation), which expresses only modest levels of RAD21. Western blot analysis of multiple cell clones carrying the RAD21 construct showed no apparent increase in the level of RAD21 protein. Furthermore, no significant difference in cell survival was observed following the treatment with 5-fluorouracil (5-FU) and oxaliplatin when compared with the parental cell clone (data not shown).
Western blot analysis and immunofluorescence. Western blot analysis was performed using a rabbit polyclonal anti-Rad21 antibody (Abcam) at a dilution of 1:1000 as described previously (Xu et al, 2004) . For loading controls, the membranes were subsequently incubated in a mouse monoclonal anti-pan actin antibody (Cell Signalling Technology, Danvers, MA, USA) at a dilution of 1:5000 followed by an IRDye800-conjugated anti-mouse antibody (Rockland, Gilbertsville, PA, USA).
Immunofluorescence detection of RAD21 protein was performed essentially as described previously (Xu et al, 2004) using a primary rabbit polyclonal antibody (Abcam) (Supplementary Material File 1).
Drug treatments and cell survival assay. Exponentially growing cells were seeded at appropriate density in 96-well clear-bottom plates (Corning, Tewksbury, MA, USA). Six hours post seeding, cells were treated with graded concentrations of either 5-FU (Hospira Australia, Melbourne, VIC, Australia) for 18 h or oxaliplatin (Winthrop Pharmaceuticals, Macquarie Park, NSW, Australia) for 2 h. For the combination of 5-FU and oxaliplatin, a treatment regimen similar to FOLFOX was used. Briefly, cells were treated with oxaliplatin for 2 h, washed three times with culture medium and treated with 5-FU for 18 h. Following drug treatments, cells were washed three times with culture medium and cultured for 5 days. Cell survival was determined using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit following the manufacturer's instructions (Promega, Madison, WI, USA). Absorbance was measured 4 h following the addition of the substrate at 450 nM using VersaMax microplate reader (Molecular Devices, Sunnyvale, CA, USA). Each data point represents the mean of three independent experiments and four replicate wells per experiment. Cell survival was calculated as the relative percentage of untreated cells. Survival curve fit was performed using the nonlinear regression linear-quadratic model, GraphPad Prism version 5.01 (GraphPad Software, San Diego, CA, USA).
RAD21 and c-Myc expression data mining. To ascertain mechanism of RAD21 overexpression in CRCs, we assessed the correlation of gene expression between RAD21 and c-Myc (found on the same amplicon). We obtained the normalised DNA microarray data from an independent Gene Expression Omnibus (GEO) data set: GSE14333 that included 293 primary CRCs (Jorissen et al, 2009) . Probe annotation was downloaded from GEO for the corresponding microarray platforms and was used to identify the probes targeting RAD21 and c-Myc. Pearson correlation across the samples of interest was computed (using R) between RAD21 and c-Myc log-intensities as an indication of expression correlation. Data were plotted using R for manual assessment.
Statistical analysis. Correlations were examined using Students t-test or w 2 -test where appropriate. Kaplan-Meier survival curves were calculated using CRC-related death (DSS) as end points and compared using a log-rank rest. Binary logistic regression was used for multivariate analyses and the Cox proportional hazard regression model was used to identify independent prognostic factors for disease-free and DSS. Analyses were performed in the R package for statistical analysis. A two-tailed P-value test was used in all analyses and a P-value o0.05 was considered as statistically significant.
RESULTS
Association between RAD21 expression and clinicopathological and molecular characteristics in invasive cancer. Three hundred and nineteen (48.9%) cases of 652 cases were positive for RAD21 nuclear staining ( Figure 1C and D) , and 333 cases (51.1%) were negative for RAD21 nuclear expression ( Figure 1A and B, Table 1 ). RAD21 expression significantly correlated with male sex (56.7% vs 47.7%, P ¼ 0.02), histologically well-differentiated tumours (14.4% vs 4.0%, P ¼ 0.0001), advanced tumour stage (36.1% vs 27.0%, P ¼ 0.01) and the presence of metastases (18.8% vs 12.6%, P ¼ 0.03). There was no association between RAD21 expression and age (P ¼ 0.22), presence of nodal disease (P ¼ 0.75), mucinous histology phenotype (P ¼ 0.55), microsatellite instability status (P ¼ 0.89), methylation (CpG island methylator phenotype) (P ¼ 0.62), KRAS mutation status (P ¼ 0.83), BRAF mutation status (P ¼ 0.86) and p53 accumulation (P ¼ 0.91) ( Table 1) .
RAD21 expression and its correlation with DSS. There was a significant correlation between RAD21 expression and shorter DSS on univariate analysis (HR:1.4 95% CI:1.1-1.9, P ¼ 0.01) Table 2 ) and multivariate analysis (HR:2.56, P ¼ 0.01) ( Table 2) .
RAD21 expression on DSS was further assessed in patients stratified by treatment with conventional chemoradiotherapy (combinations of 5-FU, oxaliplatin þ radiotherapy). An equal proportion of patients received chemoradiotherapy in both RAD21-negative and RAD21-positive cohorts (29.4% vs 32.6%, P ¼ 0.43). Here positive levels of RAD21 expression was a marker of No adjuvant Rx (n =450) p53 accumulation (n =162)* Adjuvant treatment (n =202)** MSI low (n =382)* CIMP low (n =362)* BRAF WT (n =385)** TN=1+ (n =280)** Female (n =312)* MSI high (n =60) CIMP high (n =64) Poorly differentiated (n =73) p53 baseline (P =154) Figure 2 . Analysis of the prognostic effect (HR for disease-specific survival) of positive RAD21 expression in subgroups (as listed on the y-axis). HR represented by line point with end bars extending to 95% confidence intervals. *P-value o0.05, **P ¼ o0.01, ***P ¼ o0.001. RAD21 expression correlates with cellular sensitivity to 5-FU but not with oxaliplatin. RAD21 knockdown was therefore performed in the LIM1215 cell line that expresses high levels of RAD21 (data not shown) and is wild type for APC, KRAS, BRAF and p53 (Zhang et al, 2009) . Of the three LIM1215 cell clones carrying RAD21 small hairpin RNAs, sh57224 showed a reduction in RAD21 protein level on western blot analysis compared with the parental and shmir (vector) cell clones (Supplementary Figure 1A) . There was no difference in RAD21 protein levels between the parental LIM1215sc5 and shmir clones (Supplementary Figure 1A) . The level of SMC1, another core cohesin subunit and RAD21's binding partner, was not affected (Supplementary Figure 1A) . Immunofluorescence staining for RAD21 also showed a reduction in nuclear RAD21 expression in sh57224 clone when compared with the parental clone (Supplementary Figure 1B) with a 2.3-fold reduction in nuclear RAD21 protein level in sh57224 clones compared with the parental clone (Supplementary Figure 1C) . This clone was used for subsequent analysis.
Treatment of all three LIM1215 clones, the parental LIM1215sc5, shmir and sh57224 cells, with graded doses (10-50 mM) of 5-FU resulted a reduction in cell survival in a dose-dependent manner ( Figure 4A) . Importantly, the sh57224 RAD21 knockdown clone showed an enhanced cellular sensitivity to 5-FU compared with both the parental and shmir clones ( Figure 4A ). There was no difference in cell survival between the parental LIM1215 single-cell clone (LIM1215sc5) and shmir clones. The IC50 of sh57224 was 16.0 mM, representing a significant reduction compared with the IC50 of the parental (22.0 mM) and the shmir (23.83 mM).
Similar to 5-FU, treatment of cells with graded doses (100-400 nm) of oxaliplatin led to a decrease in cell survival in a dose-dependent manner ( Figure 4B ). However, there was no significant difference between the survival of sh57224 and parental cells ( Figure 4B ), suggesting that RAD21 expression has a negligible effect on cellular sensitivity to oxaliplatin alone in vitro.
As oxaliplatin and 5-FU is commonly given in combination with oxaliplatin, for example, FOLFOX, we further evaluated the effect of RAD21 expression on cell survival following the combined treatment of oxaliplatin and 5-FU. To better recapitulate the FOLFOX treatment schedule used in patients, we first treated cells with a single dose (50 mM) of oxaliplatin followed by a single dose (20 mM) of 5-FU. Cell survival fraction, relative to untreated cells, following the treatment of oxaliplatin alone showed no statistical difference between the two cell clones ( Figure 4C ). However, the treatment with 5-FU alone reduced cellular survival fraction, and there was a statistically significant difference between the two clones (P ¼ 0.011) ( Figure 4C ). As expected, the combination of the two drugs resulted in a significant reduction in cell survival for both the parental and sh57224 clones ( Figure 4C ). There was a 2.75-fold reduction in cell survival fraction of the parental clone, from 0.61 for 5-FU alone to 0.22 for the combined treatment. Strikingly, cell survival of the sh57224 clone was reduced from 0.48 for 5-FU alone to 0.1 for oxaliplatin/5-FU combination, thus representing a reduction of 4.76-fold ( Figure 4C ).
RAD21 overexpression correlates with c-Myc amplification.
Analysis of the GEO data set GSE14333 showed a correlation between RAD21 and c-Myc overexpression (correlation: 0.47, P-value o0.0001) (Supplementary Figure 2) .
DISCUSSION
This multi-institution translational study is the first to comprehensively analyse the novel chromosomal DNA repair protein, RAD21 cohesin, in a large cohort of CRC. Our study revealed that positive RAD21 expression is a novel prognostic biomarker in CRC, is associated with disease progression and is also highly predictive in treatment outcome when using conventional chemoradiotherapy.
As CIN is a feature of CRC evolution, participation of RAD21 in maintaining genomic stability through its roles in accurate chromosome segregation, homologous recombination and telomere preservation demonstrated in vitro appears important in early tumour development. RAD21, unlike other cohesin genes, is not typically mutated in CRC (Barber et al, 2008) . Instead, it is upregulated as demonstrated by prominent constitutive expression in primary cancers. We suggest that upregulation of RAD21 expression may be required for promoting CIN, either directly by favouring hyper-recombination or indirectly, via dysregulated chromosome segregation or by promoting global gene deregulation, or in combination. This notion is supported biologically by its association with unfavourable primary tumour characteristics such as advanced tumour stage, as shown in both our current study and previous work in breast (Xu et al, 2011b ) and endometrial cancer (Supernat et al, 2012) . Interestingly, RAD21 expression also lost its prognostic significance in microsatellite instability high and CpG island methylator phenotype high subsets of tumours, but maintained significance in the p53-positive group. Interestingly, a significantly greater proportion of well-differentiated tumours were present in the RAD21-positive group. This is different to the association with higher grade seen in breast cancer, and as numbers of well-differentiated tumours are low in our overall cohort (and more so in our negative RAD21 group) a larger study focused specifically on well-differentiated tumours, and highly differentiated colon cell lines may elucidate RAD21-associated mechanisms further in this subset.
The mechanism of RAD21 upregulation is yet to be determined. We and others found that b-catenin activation is capable of regulating the transcriptional activity of RAD21 or SMC3 gene promoters in vitro, suggesting that at least one route is by Wnt/b-catenin signalling activation (Ghiselli et al, 2003; Xu et al, unpublished) . Alternatively or additionally, elevated RAD21 expression may be a consequence of RAD21 gene/8q24 amplicon amplification as shown in high-grade breast cancer (Xu et al, 2011b) . This possibility is supported by results of our in silico analysis showing correlating RAD21 and c-Myc expression in an independent CRC data set (GEO data set: GSE14333).
To date, both in vitro and in vivo data demonstrate that RAD21 expression influences cellular sensitivity to DNA-damaging agents such as those used in chemotherapy or chemoradiotherapy (Atienza et al, 2005; Bauerschmidt et al, 2010; Xu et al, 2010; Xu et al, 2011a, b) . An increased susceptibility of cancer cell lines to conventional chemotherapeutics was demonstrated following knockdown of RAD21 or other cohesin gene (Atienza et al, 2005; Xu et al, 2011b; Supernat et al, 2012) . Similarly, yeast mutants and mammalian cells with reduced functional RAD21 have also been shown to have increased sensitivity to ionising radiation secondary to deficiency in the repair of DNA double-stranded breaks (Birkenbihl and Subramani, 1992; Bauerschmidt et al, 2010; Xu et al, 2010) . In vitro, we have further verified the effect of RAD21 depletion within a CRC cell line to the sensitivity of commonly used CRC chemotherapeutics. As we reported in breast cancer, stable knockdown of RAD21 in a CRC cell line significantly enhanced cellular sensitivity, in a dose-dependent manner, to 5-FU and combined 5-FU and oxaliplatin treatments. The 5-FU antimetabolite is incorporated as 5-fluoro-dUTP into DNA, inducing its fragmentation and the subsequent repair of DNA damage involving several DNA repair pathways including homologous recombination (Wyatt and Wilson, 2009 ). The enhanced cellular sensitivity to 5-FU is thus consistent with the known role of RAD21 in homologous recombination. Intriguingly, the reduced RAD21 expression has no apparent effect on cells treated by oxaliplatin, but potentiates the effect of a combined oxaliplatin and 5-FU treatment regimen similar to the commonly used FOLFOX regimen (Andre et al, 2004 (Andre et al, , 2009 Tournigand et al, 2012) . Oxaliplatin is a platinum-based chemotherapeutic that elicits DNA damage by forming DNA-platinum monoadducts with guanines that are subsequently converted to diadducts. Subsequent repair is predominantly through the nucleotide excision repair pathway (Arnould et al, 2003) . The absence of any effect with oxaliplatinbased therapy as a single agent may be explained by DNA repair mechanisms by nucleotide excision repair that are adequate for singular oxaliplatin therapy but inadequate in the face of combination therapy.
The subanalysis of patients who had received adjuvant chemoradiotherapy supports the above in vitro findings. While we were not able to logistically separate the various therapeutic regimens present within our patient population, our findings that the patients receiving adjuvant therapy who had tumours positive for RAD21 expression showed a significantly shorter overall survival than patients whose tumours were negative for RAD21 expression is similar to that demonstrated in breast cancer. This observation further strengthens the role of RAD21 for predicting therapeutic response and also as a potential target for increasing tumour susceptibility to conventional and novel targeted agents.
Of particular interest is the finding that RAD21 expression showed specific prognostic significance in the context of KRAS mutational status. In both KRAS wild-type and mutant groups, elevated RAD21 expression associates with worse prognosis when compared with those with negative RAD21 expression. The data suggest that RAD21 or cohesin may be an important modifier of the KRAS signalling pathway. Indeed, forced expression in vitro of another cohesin component SMC3 has been shown to alter the expression of multiple genes modulating the Ras and Rho GTPase-dependent signalling pathways, in particular the upregulation of RhoB (Ghiselli and Liu, 2005) . The elevated RAD21 expression may have a similar consequence in modulating RAS signalling through Rho. In addition to the prognostic relevance, the potential functional cross talk between RAD21 and KRAS demonstrated in our analysis may have therapeutic significance. KRAS mutational status is an established predictor of anti-EGFR monoclonal antibody therapy, as tumours with KRAS mutations respond poorly to cetuximab or panitumumab treatment (Allegra et al, 2009; Brand and Wheeler, 2012) . Even within KRAS wild-type tumours, a subset fail to respond to anti-EGRF monoclonal antibodies (Linardou et al, 2009) . Our data suggest that RAD21 and/or its network of cohesin regulatory proteins may be potential therapeutic targets for the treatment of resistant tumours such as those carrying KRAS mutations.
CONCLUSION
This study of RAD21 expression in CRC provides strong evidence that RAD21 expression is a novel prognostic marker, particularly in the context of KRAS mutations and most likely within cancers arising through the chromosomal instability pathway. Furthermore, both in vitro and in vivo data suggest that RAD21 expression affects the response to chemotherapy or chemoradiotherapy. Our findings in CRC are consistent with our previous studies in breast cancer (Xu et al, 2011b; Yan et al, 2012) , suggesting that elevated RAD21 expression and its association with poor prognosis, as well as resistance to conventional chemoradiotherapy, may be a common feature of epithelial cancers.
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